Blohm, Gunnar, Marcus Missal, and Philippe Lefèvre. Interaction between smooth anticipation and saccades during ocular orientation in darkness. J Neurophysiol 89: 1423-1433, 2003. First published November 20, 2002 10.1152/jn.00675.2002. A saccade triggered during sustained smooth pursuit is programmed using retinal information about the relative position and velocity of the target with respect to the eye. Thus the smooth pursuit and saccadic systems are coordinated by using common retinal inputs. Yet, in the absence of retinal information about the relative motion of the eye with respect to the target, the question arises whether the smooth and saccadic systems are still able to be coordinated possibly by using extraretinal information to account for the saccadic and smooth eye movements. To address this question, we flashed a target during smooth anticipatory eye movements in darkness, and the subjects were asked to orient their visual axis to the remembered location of the flash. We observed multiple orientation saccades (typically 2-3) toward the memorized location of the flash. The first orienting saccade was programmed using only the position error at the moment of the flash, and the smooth eye movement was ignored. However, subsequent saccades executed in darkness compensated gradually for the smooth eye displacement (mean compensation Х 70%). This behavior revealed a 400-ms delay in the time course of orientation for the compensation of the ongoing smooth eye displacement. We conclude that extraretinal information about the smooth motor command is available to the saccadic system in the absence of visual input. There is a 400-ms delay for smooth movement integration, saccade programming and execution.
I N T R O D U C T I O N
Saccades and smooth pursuit eye movements are used in combination during orientation of the visual axis toward a moving target. It was previously thought that these different eye movements were controlled by independent neural systems, although they act in synergy to reach a moving target. This view has recently been challenged at the neuronal level (Krauzlis and Miles 1998; Missal and Heinen 2001; Missal and Keller 2002; Missal et al. 2000) . At the behavioral level, the coordination between saccades and smooth pursuit has so far been studied during orientation toward a moving visual target (de Brouwer et al. 2001 (de Brouwer et al. , 2002 . In this condition, it has been shown that saccadic and smooth pursuit motor commands sum up. Furthermore, the saccadic and smooth pursuit systems could share a common source of information, i.e., the slip of the target image on the retina. This sharing of visual information allows the saccadic system to compensate for the motion of the target during the latency period and the execution of catch-up saccades. Thus to accurately orient the eyes toward a visual target, the saccadic and smooth pursuit systems interact, and movements are programmed using retinal information. Yet, this is only true if there is continuous visual feedback. In the absence of visual input, the question arises whether different movements could still be coordinated. In such a situation, the oculomotor system has to integrate extraretinal signals to account for self-motion.
The role of extraretinal signals in the saccadic system has been addressed in numerous studies by means of the doublestep and the colliding saccades paradigms (Aslin and Shea 1987; Becker and Jürgens 1979; Dassonville et al. 1992; Dominey et al. 1997; Goossens and Van Opstal 1997; Hallett and Lightstone 1976a,b; Mays and Sparks 1980; Mushiake et al. 1999; Schlag-Rey et al. 1989; Tian et al. 2000) . In these studies, saccades toward the memorized position of flashed targets were investigated. If before a saccade the eyes were deviated by another saccade evoked either visually or by microstimulation, the second saccade accurately reached its goal. The system had to use some information about the first eye movement to adjust the second saccade because the initial retinotopic vector of the second saccade was not accurate anymore. These authors concluded that the saccadic system has access to extraretinal signals, i.e., the efference copy of the saccadic motor command, that update the internal representation of the target in space. Thus in the absence of retinal input, the saccadic system makes an extensive use of extraretinal signals.
However, the double-step and colliding saccades paradigms investigate only one aspect of the self-movement integration, i.e., whether the oculomotor system keeps track of consecutive saccades by using extraretinal signals. What would happen if prior to a saccade the eyes were displaced by a smooth eye movement instead of a saccade? Would the system have access to extraretinal information about self-movement to accurately orient the eyes? If this was the case, could the system adjust the saccadic goal or would there be an a posteriori mechanism that accounted for the smooth perturbation? Both scenarios would need a source of extraretinal information to compensate for the smooth eye displacement. Here, we address the question whether the saccadic system receives such extraretinal information from the pursuit system to account for smooth eye movements in darkness.
To investigate this topic, we used a paradigm that could generate smooth eye movements without bringing into play any retinal slip information. This allowed us to rule out the hypothesis that a memorized retinal slip signal could play a role. Furthermore, our protocol provided a saccadic goal using as little retinal information as possible. We achieved this objective by using anticipatory smooth pursuit and memoryguided saccades. Indeed, orientation of the visual axis in the absence of retinal stimulation is possible in both smooth and saccadic systems. Saccades can be aimed toward the memorized position of a previously flashed target (Goldman-Rakic 1987) . Anticipatory smooth eye movements can be evoked in the absence of a moving target if there is a previous "build-up" of the expectation of future target motion (Barnes and Asselman 1991; Kao and Morrow 1994; Kowler et al. 1984 ). Thus we reduced the visual information available to the oculomotor system to a minimum. This disabled the ability of the saccadic system to rely on retinal information about motion to program saccades. In that way, we created an original paradigm that allowed us to investigate the hypothesis of a mechanism that could compensate for the smooth eye movements by means of corrective saccades based on extraretinal signals.
M E T H O D S

Experimental set-up
Human subjects sat in darkness in front of a 1-m distant tangent screen, which spanned about Ϯ45°of their visual field. Their head was restrained by a chin-rest. A 0.2°red LASER target spot was back-projected onto the screen and moved horizontally under the control of a mirror-galvanometer. Movements of one eye were recorded with the scleral coil technique, Skalar Medical BV (Collewijn et al. 1975; Robinson 1963) . Healthy subjects without any known oculomotor abnormalities were recruited after informed consent. Among the seven subjects, three were completely naïve of oculomotor experiments. Mean age was 29, ranging from 22 to 36. All procedures were conducted with approval of the Université Catholique de Louvain Ethics committee.
Paradigm
Recording sessions were composed of a series of blocks of 40 trials. Each session was divided into three parts: first, each subject had to perform one block of control trials toward stationary targets, then a block of build-up trials was presented to build up a smooth anticipatory response, and the last (but longest) part of the sessions was composed of several blocks of test trials mixed with build-up trials.
Control trials were composed of two types of randomly presented stimuli (transient and sustained; Fig. 1A ). All control trials began with a fixation period of 800 ms in the center of the screen. After the target disappeared for a variable duration of 100 -500 ms (gap), either a 10-ms flash (transient control condition) or a 1,000-ms target (sustained control condition) was presented at random locations in a range Ϯ15°around the central fixation point. All control trials lasted for 2,300 ms. Subjects were instructed to orient their eyes toward the target (sustained control condition) or toward the remembered position of the flash (transient control condition).
To build up a smooth anticipatory response, we used build-up trials (Fig. 1B) . After a fixation period of 800 ms in the center of the screen, the target disappeared for 300 ms. The gap duration was chosen to give a maximal smooth anticipatory response (Morrow and Lamb 1996) . At reappearance, the target moved for 800 ms from the center of the screen at 40°/s always in the same direction. The trial ended with a 500-ms fixation period. Subjects were instructed to follow the target as accurately as possible.
For the third part of the recording session, build-up trials were randomly interleaved with 30% of test trials: transient and sustained test trials (Fig. 1A) . Both test conditions began like the build-up trials with an 800-ms fixation at the center of the screen followed by a gap that varied randomly in duration from 100 to 500 ms. After the gap, either a 10-ms flash (transient test condition) or a 1,000-ms target (sustained test condition) was presented at a random position in a range Ϯ15°around the expected target position (ϭ target position of build-up trial). All trials lasted for 2,300 ms. Subjects were instructed to follow the target as accurately as possible and to fixate the memorized target position in case of a transient test trial.
Data acquisition and analysis
Eye and target position were sampled at 500 Hz and stored on the hard disc of a PC for off-line analysis. MATLAB (Mathworks) was used to implement digital filtering, velocity and acceleration estimation algorithms. Position signals were low-pass filtered by a zerophase digital filter (autoregressive forward-backward filter, cutoff frequency: 50 Hz). Velocity and acceleration were derived from position signals using a central difference algorithm.
In our analysis, only control and test trials were analyzed. We were interested in saccades directed toward the flashed or sustained target. Saccades were detected using an acceleration threshold of 750°/s 2 , and their latency was measured with respect to the target onset. We analyzed the first saccade for all stimulus conditions. Up to five orienting saccades were taken into account in the transient condition. or a 1,000-ms fixation (sustained condition) is presented at random time and position. 1, indicated the randomization zone. The gap varies continuously between 100 and 500 ms, and the target reappears randomly in a range Ϯ15°a round the expected target position. ⅐ ⅐ ⅐ , target position; s, the presence of the target; *, for the 10-ms flash. B: build-up trial condition. After 800-ms fixation, the target disappears for 300 ms (gap) and reappears moving for another 800 ms at 40°/s to the right followed by 500 ms of final fixation.
Saccades were removed from the eye velocity trace to obtain the smooth velocity. Therefore we measured the smooth eye velocity before and after the saccade and interpolated linearly between the values to obtain an estimation of the smooth eye velocity during the saccades. This allowed us to quantify the contribution of the smooth pursuit system P Amp to the total saccadic amplitude S Amp . We also measured different parameters that may play a role in saccadic programming. Position error (PE) and retinal slip (RS) signals were sampled at the moment of the target onset (to) and 100 ms before the saccade. For more details about the estimation of those parameters, see METHODS section of de Brouwer et al. (2002) . Furthermore, the smooth eye velocity signal was integrated to obtain the smooth eye displacement SED. In the transient test condition, the orientation process continued after the first saccade, and the time course of this process was investigated. The final orientation was defined as the eye position after the last saccade before return to the central fixation point.
R E S U L T S
Three examples of the different stimulus conditions are illustrated in Fig. 2 . For build-up trials ( Fig. 2A) , the eye movement could be entirely smooth although most of the time anticipatory and/or visually guided saccades were present. In the test trials (Fig. 2 , B and C), subjects anticipated as in the build-up trials. Sustained test trails (Fig. 2B ) typically presented one or two saccades toward the target, whereas for transient test trials (Fig. 2C ) subjects typically needed two or three orienting saccades. Subjects reported that they perceived the 10-ms flash as being stationary. This is in accordance with the findings of Gellman and Fletcher (1992) . However, sustained test targets were perceived to be in movement, which is due to the retinal slip caused by the smooth anticipatory eye movement. The last saccade toward the visual or remembered target always occurred when smooth eye velocity was close to 0°/s. Figure 3 shows the pattern of smooth eye movements for transient test trials. The pattern was very similar for sustained test trials. After the gap onset (Fig. 3, time 0) , smooth anticipation built up. The mean smooth anticipatory eye velocity at the moment of the target reappearance (sustained or transient) was 9.3 Ϯ 6.3°/s (n ϭ 4,238) ranging from 0 to 34°/s. The amplitude of the smooth anticipatory movement varied from trial to trial and depended on the trials history across the experimental session (build-up or test trials). This influence of the history of previous trials has first been described by Kowler et al. (1984) .
General saccadic properties
In this section, we describe the characteristics of the first saccade toward the test target for both the sustained and the transient test conditions. All results were tested and are valid separately for each condition but will be presented together for the sake of clarity. We first analyzed the main sequence relationship as well as the saccadic latency histogram. During sustained smooth pursuit, the motor commands of the saccadic and smooth pursuit system sum up (de Brouwer et al. 2002) . As the smooth pursuit system is active during the saccadic command execution, the total saccadic amplitude S Amp ϭ S * Amp ϩ P Amp , where S * Amp is the component from the saccadic system and P Amp is the contribution of the pursuit system. This is reflected in the saccadic main sequence relationship, where control saccades and those during sustained pursuit (opposite or in the same direction as the saccadic command) fall into three different populations. After correction for the participation of the smooth pursuit system, all three populations merge into one. Here, we performed this analysis for saccades triggered during smooth anticipatory eye movements. Both main sequence relationships-saccade duration versus saccade amplitude and saccade peak velocity versus saccade amplitude-were analyzed. Correlations for both main sequence relationships were significantly better (t-test, P Ͻ 0.05) after correction for the smooth anticipation component than before correction (total n ϭ 4,985). Figure 4 illustrates this result for the main sequence relationship between saccade duration and amplitude for subject 7. Only for one subject (subject 5) did the second main sequence relationship not show a significant improvement after correction for the smooth component. Taking it all together, we showed here that like smooth pursuit, smooth anticipation adds up to the saccadic motor command. Therefore when analyzing saccade programming, we first removed the pursuit component (P Amp ) from the saccade (S Amp ). All subsequent analyses were thus performed on the corrected saccade amplitude S* Amp .
For the first orientation saccade after target reappearance, we evaluated whether the information used for its programming was based on the sensory signal of the target or whether it was an anticipatory saccade directed toward the expected moving target. Figure 5A shows an example of such an anticipatory saccade (latency: 37 ms). This analysis was done to quantify the minimum saccade latency we could consider for the analysis of saccades during test trials. If the saccade endpoint fell into a Ϯ5°interval around the target position, the saccade was considered to be visually driven. Otherwise, if the saccade endpoint fell into another Ϯ5°interval around the expected FIG. 4. Main sequence relationship between saccade duration and amplitude. Forward saccades (saccades and smooth movements in the same direction, E), reverse saccades (saccades and smooth movements in opposite directions, U), and control saccades (•) are represented. A: the main sequence between duration and amplitude before correction (S Amp ). Forward, reverse, and control saccades fall in 3 distinct populations. B: the same main sequence for the corrected amplitude S* Amp , i.e., after correction for the smooth movement (P Amp ). The 3 populations merge into 1. build-up ramp, the saccade was classified as anticipatory. If the saccade endpoint fell into both intervals, the trial was not classified (6.5% of trials). The histogram of the classified saccadic latencies pooled for all subjects is shown in Fig. 5B ; Ⅲ represents anticipatory saccades (n ϭ 406), whereas ▫ corresponds to visually guided saccades (n ϭ 3,832). Saccades that fell into Ⅲ for latencies Ͼ300 ms came exclusively from the transient test condition. To describe the latency histogram with an analytical function, we first tried a normal distribution. However, the Jarque-Bera test for goodness of fit to a normal distribution rejects the hypothesis that the saccadic latencies follow a normal distribution (P Ͻ 0.001). Thus we described the latency histogram with a recinormal function (Reddi and Carpenter 2000) . This function fitted well the data (see ---in Fig. 5B ; R ϭ 0.972, P Ͻ 0.001), which means that it is the reciprocal of latency that follows a normal distribution. The maximum of the fitted recinormal distribution lies at 114 ms. The onset of visually guided saccades in the histogram reveals saccadic latencies as short as 80 ms. No significant difference was found between the sustained and the transient test conditions. The maximum of the fitted distribution varied from 88 to 132 ms across subjects.
Programming of the first saccade
We were interested in how the saccadic system programs the first orienting saccade after the target reappearance for both the sustained and transient test conditions. In the previous section, we showed that the smooth anticipatory command adds linearly to the motor command of the saccadic system. Thus to analyze the saccade programming, we subtracted the smooth anticipatory eye displacement during the saccade P Amp from the measured saccade amplitude S Amp to obtain the purely saccadic component S* Amp . In this analysis, we included saccades with latency Ͼ125 ms (de Brouwer et al. 2002) . Table 1 summarizes the principal parameters that characterize the sustained and transient test trials. The saccadic gain was defined as the ratio between the measured saccade amplitude S Amp and the ideal saccade (S Amp ϩ PE after 1st saccade ). For the transient test trials, Table 1 gives also an indication about the final error PE end and the total smooth eye displacement SED total at the end of the orientation process.
In the case of the sustained test condition, the question is whether the retinal slip is evaluated to program the saccade, as is the case during sustained pursuit (de Brouwer et al. 2002) . Indeed, de Brouwer et al. (2002) showed that saccades triggered during sustained pursuit are programmed using an estimate of the position error and the retinal slip measured 100 ms before saccade onset. They hypothesized that 100 ms before saccade onset is the last moment for visual information to be taken into account in saccadic amplitude programming (Becker and Jürgens 1979; Heywood and Churcher 1981) . To test the hypothesis that the system behaves in the same way for anticipatory and visually guided smooth pursuit, we performed a multiple regression analysis for the dependent variable S* Amp using the independent variables PE Ϫ100 and RS Ϫ100 . The index -100 indicates that we measured these parameters 100 ms before saccade onset. Table 2 shows the results of the analysis for the sustained test condition. The best correlation was obtained with PE Ϫ100 and RS Ϫ100 as independent variables (Eq. 1) S* Amp ϭ 0.249 ϩ 0.930 ⅐ PE Ϫ100 ϩ 0.059 ⅐ RS Ϫ100 ͑R ϭ 0.991, n ϭ 984͒
(1)
The separate analysis for each subject shows that the multiple regression with PE Ϫ100 and RS Ϫ100 was always significant, except for one subject (subject 5: P Ͼ 0.05 for coefficient of RS Ϫ100 ). Across subjects, regression coefficients varied for PE Ϫ100 between 0.885 and 0.984 and for RS Ϫ100 between 0.035 and 0.086. As a result, we showed here that the same strategy is used for saccades to sustained targets during smooth pursuit or during smooth anticipation.
In the transient test condition, the target was only presented very briefly (for 10 ms), and therefore the system did not have time to evaluate the retinal slip. Furthermore, after the flash, there was no more visual feedback that could be used to program the orienting saccades. The only available sensory information was the memorized position error of the target at the moment of the flash onset PE to . Thus the question here is whether the saccadic system has access to any other internal information such as, for example the smooth eye velocity at the moment of the flash onset EV to or the smooth eye displacement SED (ϭ integral of smooth eye velocity) between the flash and the saccade onset. To test these hypotheses, we performed a multiple regression analysis with the dependent variable S* Amp and the independent variables PE to , EV to , and SED. Only saccades with latencies Ͻ250 ms were considered in this analysis. Values are means Ϯ SD. Regression coefficients for PE to varied for each subject and ranged from 0.807 to 0.947. In the transient test condition, there was no significant difference in gain of the first saccade between the transient test condition and the transient control trials (P Ͼ 0.05). This indicates that for flashed targets, the smooth eye movement was ignored by the saccadic system. This was compatible with the error measured after the saccade, which was proportional to the smooth eye displacement (SED) between the flash and the end of the saccade (Fig. 6A) . When plotting data for all subjects, the equation of the first-order regression was the following PE ϭ 0.014 ϩ 1.139 ⅐ SED ͑R ϭ 0.665, n ϭ 583͒
The slope of the regression varied between subjects from 0.772 to 1.260 (n ϭ 62 to 123). Figure 6B provides a comparison with control trials (Ϫ0.080 Ϯ 1.444 deg, n ϭ 1,251; mean Ϯ SD). In the transient test condition, the dependence of the error after the first saccade on SED confirmed that at this time SED was not used by the saccadic system to program the saccade.
Time course of orientation
Until now, we only analyzed the first orienting saccade that occurred after the target reappearance. In the case of the sustained test condition, most of the time the first orienting saccade brought the eye exactly onto the target. If there was a residual error, it was corrected by a second saccade, and the orientation process was completed. Thus no further analysis of the sustained test situation was necessary. But in the case of the transient test condition, our typical example (Fig. 2C) clearly shows that the orientation process went on after the first saccade and that subsequent saccades contributed significantly to the final gaze orientation. In this case, how did the oculomotor system perform this orientation process without any additional visual feedback?
We first quantified the accuracy of the final orientation. For the orientation to be accurate, the subject had to compensate for the total smooth eye displacement after the flash. Figure 7A shows the error after the last orienting saccade PE end as a function of the total smooth eye displacement between the flash and the moment of the final orienting saccade SED total . The first order regression for all subjects pooled together (dashed) follows the equation PE end ϭ 0.027 ϩ 0.308 ⅐ SED total ͑R ϭ 0.328, n ϭ 1354͒ (4) Across subjects, the slope ranged from 0.075 to 0.572 (n ϭ 168 -370). In Fig. 7A , ⅐ ⅐ ⅐ corresponds to the regression in Fig.  6A and allows a direct comparison between compensation for SED after the first saccade versus at the end of the orientation process. This confirmed that the orientation process did not stop after the first saccade and that the final orientation accounted for most of the smooth eye displacement. We can get an idea of the time course of orientation by providing additional regression lines for two intermediate steps between the first saccade and the final orientation. This is shown in Fig. 7B . ⅐ ⅐ ⅐ and ---correspond to regression lines from Fig. 7A . The slopes of the regression lines at 500 and 750 ms after the flash were 0.793 (R ϭ 0.598, n ϭ 1,272) and 0.418 (R ϭ 0.469, n ϭ 1,345), respectively. This indicated that the smooth eye displacement was not accounted for in one step but that there was a gradual orientation process. A more detailed representation of this gradual orientation is provided in Fig. 7C . The evolution of the time course of orientation error is presented as a function of the smooth eye displacement SED between 200 and 1,000 ms in 50-ms steps.
In the following section, the time course of the orientation process will be analyzed in more detail. Therefore position error PE(t) and smooth eye displacement SED(t) were sampled at regular 50-ms intervals, and a second-order regression analysis was performed using the sampled position error as dependent variable and the sampled smooth eye displacement SED and the position error at the moment of the flash PE to as independent variables PE͑t͒ ϭ ␤͑t͒ ϩ ␥͑t͒ ⅐ PE to ϩ ␦͑t͒ ⅐ SED͑t͒ (5) PE to was included in the regression to investigate whether the error due to a saccadic gain Ͻ1 (after the first saccade) was compensated later in the orientation process. The regression coefficients ␥(t) and ␦(t) for PE to and SED respectively are shown in Fig. 8A . From the SED coefficient ␦(t), one can see that the orientation process started ϳ400 ms after the flash and ended ϳ800 ms after the flash. Furthermore, this process compensated not only for SED but also for the saccadic gain error, which is present at the time of the first saccade. At the end of the orientation process, the total saccadic gain was 0.989 compared with 0.888 at 250 ms after the flash. For comparison, we provide in Fig. 8B the mean and SD of the smooth eye velocity after the flash onset. In Fig. 8 , smooth eye velocity traces are aligned on the flash onset and not on the gap onset, as this was the case in Fig. 3 . Therefore in Fig. 8B , the variability of the smooth eye movement amplitude is partly due to the variability of the flash onset. The open triangle symbols in Fig. 8, A and B, correspond to individual data from the example in Fig. 9A . The coefficient of SED (␦) and the instantaneous smooth eye velocity were measured after each saccade and follow the average time course of these parameters in Fig. 8, A and B . The solid symbols in Fig.  8, A and B, are associated with two other examples (Fig. 9 , B and C) and show that the time course of the coefficient of SED [␦(t)] was not influenced by the sequence of saccades. This can be observed when looking at the first saccade of B and C in Fig.  9 . A comparison of B with A shows that SED compensation has already started for the first saccade of B, whereas this was not the case for the first saccade of A. This behavior is even more dramatic if we compare C with A. For the first saccade in C, SED compensation is similar to that of the third saccade in A. This illustrates that only the time of saccadic execution determines the amount of SED compensation and not whether it is the first, second, or third saccade.
Dotted vertical lines in Fig. 8, A and B, indicate different landmarks in the orientation process and the eye movement. These were obtained by determining when the measured variable fell Ͻ10% of the maximum or rose Ͼ10% of the minimum with respect to the total scale. We evaluated the beginning (dotted line 1) and the end (dotted line 3) of the orientation process at 363 and 835 ms, respectively. With the same procedure, we measured the end of the smooth eye movement (dotted line 2) at 440 ms after the flash. Thus there was approximately the same delay of 400 ms between flash onset and the beginning of the compensation process and between the end of the smooth eye movement and the end of the orientation process.
In Fig. 10 , A and B, we tested the hypothesis that a constant delay model might explain the time course of the orientation process. This means that at a given instant in time t subjects would compensate for the smooth eye movement accomplished up to time t Ϫ T. Thus the assumption that the compensation ␣ is proportional to SED accumulated up to a delay T before the measure of the position error PE(t) mathematically translates into the following expression
The first term, SED(t), describes the proportionality of the error to SED in the early orientation process. The second term is compensatory and accounts for the smooth eye displacement accumulated up to t -T. In comparison with Eq. 5, we removed the term proportional to PE to for this analysis because Eq. 6 was simpler and the results were qualitatively the same. Figure  10A shows the value of ␣(t) for different values of the delay T. The curve for T ϭ 0 ms corresponds to the evolution of ␦(t) in Fig. 8A . Interestingly, the value of ␣ was a constant in time (␣ Х 0.7) for a delay of 400 ms. This is compatible with the hypothesis that the time course of the compensation process could be explained by a constant compensatory gain combined with a delayed signal of the smooth eye displacement. This hypothesis was confirmed by the analysis performed on each subject individually in Fig. 10B . For each subject, there was a specific time delay (ranging from 350 to 450 ms) that yielded a constant compensatory gain ␣ (ranging from 0.43 to 0.93).
D I S C U S S I O N
In the absence of a smooth eye movement, saccades can be aimed toward the spatial location of a memorized or visual target (Becker and Jürgens 1979) . In this study, we perturbed this condition by inducing a smooth anticipatory eye movement that participated in the gaze displacement. We found a linear addition of the smooth anticipatory and saccadic motor commands for all test conditions. Furthermore, in the sustained test condition, the saccadic system used a predictive component (based on the retinal slip) in catch-up saccade programming. In the transient test condition, the saccadic system did FIG. 10. Compensation ␣(t) of the smooth eye displacement SED (refer to Eq. 6 in text). A: -, the evolution of ␣ in time for different delays T. Squares indicate when the compensation ␣(t) is significant (P Ͻ 0.01). For T ϭ 400 ms, ␣ is approximately constant over time and equal to 0.69. This corresponds exactly to the average contribution of SED to the final error (1 Ϫ ␣, see Figs. 7 and 8) . This is consistent with the hypothesis that compensation is a delayed process with a constant gain. B: optimal compensation ␣ of the smooth eye displacement SED for each subject. The optimal delay T is also given. Numbers refer to the different subjects. not take into account the smooth anticipatory eye movements in the early stage of the orientation process toward the target. However, we provided strong evidence for a compensatory mechanism between both oculomotor subsystems later on in the orientation process. Thus the oculomotor system can rely on extraretinal information to control the coordination between its different components.
Saccade properties
The analysis of the main sequence relationship showed evidence that smooth anticipatory and saccadic drives are both operational and are linearly summated during the saccade. The same result was obtained previously for the smooth pursuit system (de Brouwer et al. 2002) . This finding has two implications. First the smooth anticipatory motor system does not pause during saccades, and thus the smooth anticipatory component must be removed for the analysis of saccades executed during anticipation. Second, the saccadic system interacts in the same way with the smooth pursuit and smooth anticipatory systems. This finding is compatible with the hypothesis that these two smooth motor systems share common neural structures. This view is supported by several behavioral studies (Boman and Hotson 1988; Braun et al. 1996; Kao and Morrow 1994) .
The saccadic latency histogram showed two main properties. First the minimum latency for saccades aimed at visual targets is very short (ϳ80 ms). The use of a gap in our paradigm and the fact that the eyes were moving at the appearance of the target might explain this behavior because both factors release active fixation (Krauzlis and Miles 1996a-c) . Second, saccadic latency histograms in our experiment are well described by the LATER model (Reddi and Carpenter 2000) . The recinormal function fitted our data significantly better than a normal distribution. Thus we showed that this model does not only apply to saccades following fixation but that it also describes the latencies of saccades triggered during smooth anticipatory eye movements in darkness.
Programming of the first orienting saccade
In the sustained test condition, the first orienting saccade was programmed using the position error and retinal slip sampled 100 ms before the saccade onset. The behavior was qualitatively the same as during smooth pursuit, and thus saccades were accurate (de Brouwer et al. 2002) . However, the coefficient of RS that we found in Eq. 1 is smaller than in the study by de Brouwer et al. (2002) , i.e., 0.059 versus 0.091. It may be due partly to differences between subjects. Nevertheless, we believe that the main effect is due to the difference between the active pursuit paradigm of de Brouwer et al. (2002) and the anticipatory pursuit in darkness. In our paradigm, subjects had to reengage active pursuit after the target appearance, which might result in an underestimation of the retinal slip.
In the case of the transient test condition, the first saccade was programmed only on the basis of the position error at the moment of the flash, which was the only retinal information available to the oculomotor system in this condition. In several previous studies, subjects had to orient gaze toward a target that was briefly flashed after the disappearance of a smooth pursuit target (Gellman and Fletcher 1992; McKenzie and Lisberger 1986; ). These studies are compatible with our finding that first orienting saccades only account for the position error at the moment of the flash. However, these studies only reported data on the first orienting saccade and did not give any indication about the orientation process going on afterward.
Time course of the orientation process
The presence of multiple orientation saccades in our paradigm revealed a compensatory mechanism that accounted for the smooth eye displacement. Compensation started ϳ400 ms after the flash and lasted until ϳ400 ms after the end of the smooth eye movement. This process is compatible with the hypothesis of a delayed compensation mechanism. The delay of 400 ms explains the time course of the compensation process and the apparent evolution of the compensatory gain in Fig. 8 . This hypothesis has been confirmed independently in each subject, with a fairly constant delay (400 Ϯ 50 ms) associated with a subject-specific constant compensation gain.
What is the origin of this 400-ms delay? Because the compensation is only apparent after orienting saccades, this delay clearly includes several components. First it includes the time necessary to make the decision to trigger a saccade and to program this saccade (estimation Х 75 ms). Second, there is the duration for the execution of the saccade (mean Х 75 ms in our data). The last component (250 ms ϭ 400 -150 ms) reflects some internal delay between the execution of the smooth eye movement and the time when an efferent copy of the smooth motor command can be integrated (to provide SED) and used by the saccadic system.
In our analysis, we found an overall compensation gain of 0.7, which is not perfect. This partial compensation could be related to the fact that targets flashed during a movement may be perceptually mislocalized (see Schlag and Schlag-Rey 2002 for a review). This perceptual mislocalization, which is called the flash-lag effect, may influence the compensation gain we obtained.
Proposed model
During orientation toward visual targets, catch-up saccades use retinal slip information to interact with the smooth pursuit system. Here, we disrupted the ability of the saccadic system to access retinal information about the relative target displacement. Nevertheless, the saccadic system could account for the smooth eye displacement, although with a 400-ms delay. On the one hand, this delayed mechanism suggests that the saccadic system has to rely on an efference copy signal of the smooth motor command. We consider that an efference copy is the only available signal because proprioception is unlikely to play a role in ocular orientation (Lewis et al. 2001) . On the other hand, the length of the delay (400 ms) might reflect the implication of several sub-cortical and cortical areas in this pathway.
We propose a model that may account for the observed compensation mechanism (Fig. 11) . This model is composed of three distinct parts: the smooth system (left), an integrator of the smooth motor command (middle), and the saccadic system (right). The gap onset acts as a cue for the smooth system to generate an anticipatory motor command that is sent to the smooth movement generator to anticipate the expected ramp target. During the test trials, either a sustained or a flashed target appears. Because the orientation to sustained targets relies on known mechanisms (de Brouwer et al. 2002) , we will only consider the case of the flashed targets in the proposed model.
We hypothesize that the flash influences the smooth and saccadic systems. On the one hand, the flash occurrence is a cue to the smooth motor system to stop the anticipatory eye movement. At the same time this cue resets the integrator of the smooth motor command, which provides SED to the saccadic system. On the other hand, the location of the flash determines a goal ⌬E for the saccadic system. A first shortlatency orienting saccade is executed based on the retinal error information provided by the flash. If the saccade is correct, the efference copy of the saccadic motor command ⌬E* is equal to the initial position error ⌬E and the goal is achieved. But meanwhile the eyes have been perturbed by the smooth system. The integrator of the smooth motor command sends a delayed (250 ms) smooth eye displacement signal ⌬E SED to the saccadic system. Based on this information a new saccade is programmed (75 ms) and executed (75 ms). This process is repeated until the end of the smooth eye movement. Again because it involves such long delays, this pathway is only predominant if no retinal information is available.
We will try to propose a hypothesis about the underlying neural correlates that could support our model. Details about the smooth pursuit and saccade generators will not be discussed here (see for example Krauzlis and Stone 1999 for a review). Here, we concentrate on the pathway integrating the smooth motor command and programming the compensatory saccades. As we already mentioned, the 400-ms delay suggests that the integration of the smooth motor command takes place in the cerebral cortex. The internal representation of the smooth eye displacement ⌬E SED could be used to update the memorized spatial representation of the flashed target.
We propose that the parietal cortex might play a relay role between the smooth pursuit and saccadic systems because areas implied in both types of eye movements project to this brain region. Furthermore, the parietal cortex is strongly implied in processing extraretinal signals (Tobler et al. 2001) and is important for self-movement integration (Duhamel et al. 1992; Heide et al. 1995) . Lateral intraparietal region (LIP) and area 7a receive information about the saccadic commands to encode the location of the visual stimulus in spatial coordinates (Andersen et al. 1985; Bremmer et al. 1997 ). In addition, LIP neurons discharge prior to saccades and remain active while remembering a desired target location (Barash et al. 1991; Paré and Wurtz 1997) and lesions of the posterior parietal cortex impair the ability to make memory-guided saccades (PierrotDeseilligny et al. 1991) .
Following our hypothesis not only inputs from the saccadic system could update the internal target representation in the parietal cortex but there might also be a contribution from the smooth pursuit system accounting for the smooth eye displacement. In fact, the smooth pursuit system communicates bilaterally with the posterior parietal cortex (area 7a) via the medial superior temporal (MST) area (Tusa and Ungerleider 1988) . Neurons in MST carry information about the smooth eye movements (Newsome et al. 1988 ) that might come from an efference copy of the smooth motor command (Leigh and Zee 1999) . Thus smooth movement information could update the internal representation of targets in space, and saccades could be triggered whenever the parietal cortex communicates information about a smooth eye displacement to the saccadic system.
Conclusion
In this paper, we studied the interaction between smooth anticipatory eye movements and saccades. Saccades triggered during smooth anticipation toward a sustained visual target are programmed using the available retinal input, as is the case during sustained smooth pursuit. If flashed targets are presented, no retinal information about the movement is available to program adequate saccades. However, saccades can correct for the smooth eye displacement that took place some time before and this process has been estimated to take ϳ400 ms. Thus we believe that the saccadic system has access to an efference copy of the smooth motor command to monitor the smooth eye displacement. FIG . 11. Proposed model for monitoring smooth eye displacements in the absence of visual feedback. Left: smooth system. Middle: integration of the smooth motor command. Right: saccadic system. Time labels indicate the different hypothesized delays in the signal processing stage. In our paradigm, the gap onset instructed the smooth system to start anticipatory pursuit. In the transient test condition, the flash acted as a cue to stop the anticipatory drive and to reset the integrator of the smooth motor command (to obtain SED). A retinal position error ⌬E ϭ PE to is used to program the first orienting saccade. Afterward, the integrator sends delayed information about the smooth eye displacement ⌬E SED to the saccadic system. This information is used by the saccadic system to compensate for the smooth eye displacement. For more details, see text.
